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Bacteriophage biocontrolM3 and ϕRSM4, that are closely related to, but differ from, ﬁlamentous phage
ϕRSM1, have been detected in strains of the Ralstonia solanacearum species complex. The prophage ϕRSM3,
found in host strain MAFF730139, could be converted to infectious phage by means of PCR and transfection.
The nucleotide sequence of ϕRSM3 is highly conserved relative to ϕRSM1 except for open reading frame 2
(ORF2), encoding an unknown protein, and ORF9 encoding the presumed adsorption protein that determines
host range. The two host ranges differ dramatically and correlate closely with different gel electrophoresis
banding patterns for cell surface ﬁmbriae. Infections by ϕRSM1 and ϕRSM3 enhance bacterial cell
aggregation and reduce the bacterial host virulence in tomato plants. Database searches in the R.
solanacearum strains of known genomic sequence revealed two inovirus prophages, one designated ϕRSM4
that is homologous to ϕRSM1 and ϕRSM3, and one homologues to RSS1, in the genome of strain UW551.
© 2008 Elsevier Inc. All rights reserved.IntroductionRalstonia solanacearum strains constitute a diverse species com-
plex of soil-borne Gram-negative bacteria that are the causative
agents of bacterial wilt in many important crops (Yabuuchi et al., 1995;
Hayward, 2000). These bacteria have an unusually wide host range of
over 200 plant species belonging to more than 50 botanical families
(Hayward, 2000). R. solanacearum strains have been subdivided into
ﬁve races on the basis of their host ranges, and six biovars based on
their physiological and biochemical characteristics (Hayward, 2000).
A new classiﬁcation system for R. solanacearum strains divides them
into four phylogenetic groups roughly corresponding to geographic
origin (Fegan and Prior, 2005; Villa et al., 2005). To date, information
about the complete genome sequence of R. solanacearum has been
obtained from two different strains: The 5.8 Mbp genome of strain
GMI1000 (race 1, biovar 3, and phylotype I) encoding 5129 predicted
proteins (Salanoubat et al., 2002) and the 5.9 Mbp genome of another
strain UW551 (race 3, biovar 2, and phylotype II) encoding 4454
proteins (Gabriel et al., 2006). Many gene clusters found on the
genomes resemble mobile genetic elements such as bacteriophages or
plasmids. It is suggested that these possibly horizontally-acquired
genes are largely related to the biological, physiological and patho-
logical variations between R. solanacearum strains (Salanoubat et al.,
2002; Gabriel et al., 2006).
Yamada et al. (2007) recently detected and isolated various kinds
of bacteriophage that speciﬁcally infect races of R. solanacearum.
Two of the phages, ϕRSM1 and ϕRSS1, were characterized as Ff-likeda).
l rights reserved.phages (inoviruses) based on their particle morphology, genomic
single-stranded DNA (ssDNA), and infection cycle. Despite their
similar ﬁlamentous morphology, their genome sizes (9.0 kb for
ϕRSM1 and 6.6 kb for ϕRSS1) and genome sequences differ from
each other. Six of the 15 strains tested showed strong hybridization
signals for ϕRSM1-related sequences in their genome. There are two
types of ϕRSM1-related sequences, A and B, which can be dis-
tinguished by their restriction fragmentation patterns. These results
clearly demonstrate the temperate phage nature of ϕRSM1. The
differential host recognition and chromosome integration by these
phages are very interesting.
In general, the genome of ﬁlamentous phages is organized in
modules inwhich functionally related genes are grouped together, the
paradigm for which is the Ff group of fd, f1, and M13 (Model and
Russel, 1988; Hill et al., 1991). Three functional modules are always
present: the replication module contains the genes encoding rolling-
circle DNA replication and ssDNA binding proteins; gII, gV, and gX
(Model and Russel, 1988). The structural module contains genes for
the major (gVIII) and minor coat proteins (gIII, gVI, gVII, and gIX), and
gene gIII encodes the host recognition or adsorption protein pIII
(Armstrong et al., 1981). The assembly and secretion module contains
the genes (gI, and gIV) for morphogenesis and extrusion of the phage
particles (Marvin, 1998). Gene gIV encodes protein pIV, an aqueous
channel (secretin) in the outer membrane through which phage
particles exit from the host cells. The ϕRSM1 genome (9004 bp)
contains two inserts absent from the M13 gene organization; a short
cluster of ORF2–ORF3 between the replication module and the
structural module, and a 1.8-kbp cluster containing reversely
orientated ORF13 and ORF14 and attP in the replication module
(Kawasaki et al., 2007a). The ϕRSM1 attP corresponds to 13
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the reversed orientation. The attP is located next to ORF14, which
shows signiﬁcant amino acid sequence homology with the resolvase
of Pelodictyon phaeochthratiforme and the DNA invertase/recombinase
of Marinobacter aquaeolei.
Ff-like ﬁlamentous phages are known to utilize pili as their
receptors. Pili are speciﬁcally recognized and bound by the host
recognition and adsorption minor coat protein, pIII, at the initiation
of infection. The pIII has been shown to consist of three globular
domains: from the N-terminus, the D1 penetration domain, D2 pilus
adsorption domain, and C-terminal D3 domain, which anchors the
pIII to the virion (Rasched and Oberer, 1986; Model and Russel,
1988; Stengele et al., 1990). Strains of R. solanacearum encode the
genes for many pilin-like proteins (Salanoubat et al., 2002; Gabriel
et al., 2006), and may therefore produce several different types of
pili (Liu et al., 2001). Genes encoding retractile (type IV) pili were
identiﬁed in several clusters similarly arranged in strains GMI1000
and UW551 (Salanoubat et al., 2002; Gabriel et al., 2006). It is
interesting to know possible relationships between selective type IV
pili formation and selective ϕRSM phage infection in R. solana-
cearum strains.
In this study, we have characterized the ϕRSM-type prophages of
R. solanacearum strains to further our understanding of the molecular
basis of host recognition and integration used by these phages. A
prophage sequence detected in strain UW551 (the representative of
race 3, biovar 2 strains) has been found to be closely related to ϕRSM.Fig. 1. Genomic organization of bacteriophages ϕRSM1, ϕRSM3, and ϕRSM4 (UW551-proph
2007a). ORFs are represented by arrows oriented in the direction of transcription. The functio
according to the coliphageM13model (Marvin,1998). ORF sizes (in amino acids) are in parent
indicated on the map. Arrows P1 and P2 on the ϕRSM3 map indicate primers used in PCR.Results
Nucleotide sequence analysis of the ϕRSM3 prophage in strain
MAFF730139
In our previous study, two different types of ϕRSM1-related pro-
phage sequences were detected in R. solanacearum strains through
our observation of two different patterns of restriction fragments that
hybridized to ϕRSM1 DNA. Strains of type A include MAFF211270 that
produces ϕRSM1 itself, and strains of type B that are resistant to
ϕRSM1 infection but serve as hosts for ϕRSS1, another ﬁlamentous
phage with different nature and host range (Kawasaki et al., 2007a).
To understand the relationship between the two types of ϕRSM1-
related phages and the differential host recognition and chromosome
integration by these phages, a ϕRSM1-like prophage (type B),
detected in strain MAFF730139 (designated ϕRSM3), was further
characterized. Compared with the ϕRSM1 genome, the ϕRSM3
prophage sequence (determined to be 8929 bp long) is 75 bp shorter.
The sequences show 93% nucleotide identity and major differences
are found within two regions; positions 400–600 and positions
2500–3000 in the ϕRSM1 sequence (Supplementary Fig. S1). All 14
ORFs identiﬁed along the ϕRSM3 sequence show high amino acid
sequence homology (more than 90% amino acid identity) with their
counterparts on the ϕRSM1 genomic DNA, except for ORF2 (no
similarity) and ORF9 (79% identity). It is interesting that the amino
acid sequence of ORF14 (putative DNA invertase/recombinase) isage). Linear ORF maps are compared according to the previous model (Kawasaki et al.,
nal modules for replication (R), structure (S), and assembly-secretion (A-S) are indicated
heses. The region containing the attP sequence and a large intergenic region (IG) are also
For comparison, the ϕRSS1 map (Kawasaki et al., 2007a) is also shown at the bottom.
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pared in Fig. 1.
ϕRSM-related prophage sequence in strain UW551
During database searches for homologous sequences, we found
that an approximately 8 kbp region of the R. solanacearum UW551
genome (accession no. DDBJ/EMBL/GenBank AAKL00000000; RS-
UW551-Contig0570-70-86K) at positions 3039–10,984 shows signiﬁ-
cant DNA sequence homology with ϕRSM1 and ϕRSM3. The prophage
of UW551 (designated ϕRSM4) contains 7929 bp ﬂanked by att
sequences, as in ϕRSM1, namely 13-bp of the 3′-end of serine tRNA
(UCG). The 7929-bpϕRSM4-prophage sequence shows 72% nucleotide
sequence identity with ϕRSM1 DNA. There are three deletions in
ϕRSM4 compared with the ϕRSM1 gene arrangement; ORF3, ORF13,
and a part (positions 5370–5800) of the intergenic region (IG) are
missing. Other ORFs identiﬁed in the ϕRSM4 sequence show variable
amino acid sequence similarity to their counterparts in ϕRSM1: no
similarity in ORF2, moderate similarity in ORF4 (57% amino acid
identity), ORF5 (77%), and ORF9 (73%), and high similarity in ORF1
(93%), ORF6 (98%), ORF7 (98%), ORF8 (93%), ORF10 (86%), ORF11 (89%),
ORF12 (89%), and ORF14 (81%). The gene arrangement of ϕRSM4
prophage DNA is also included in the comparison (Fig.1). These results
support our previous model for the ϕRSM1 gene arrangement where
ORF2 and ORF3 are inserted between R and S modules and are
therefore possibly variable, and a cluster containing ORF13, ORF14 and
attP is inserted within the R module in the reverse orientation and is
also possibly variable. However, all the prophages retained a
conserved ORF14 and attP, indicating that ORF14 was indispensable
and actually took part in the phage DNA integration event. The attP
core sequence is identical in the three phages, but attB of strain
UW551 detected at the ϕRSM4 integration site showed a slight
variation: the extra loop of serine tRNA(UCG) is 13 bp, and 6 bp shorter
than that of MAFF211270 (Kawasaki et al., 2007a) and MAFF730139.
No ϕRSM1-related sequence was found in the genomic sequence
(chromosome and megaplasmid) of strain GMI1000, although it
contains the gene for serine tRNA(UCG) (RS01214, tRNA-SerU).
Comparison of pIII sequence among three ϕRSM1-related phages
One of the major differences in the predicted genes between
ϕRSM1 and ϕRSM3 is conﬁned within the middle part of ORF9
corresponding to pIII, the host recognition and adsorption minor
coat protein. The predicted amino acid sequences of ORF9 for ϕRSM1
(498 amino acids (aa)), ϕRSM3 (511 aa), and ϕRSM4 (507 aa) are
compared in Fig. 2. Since another ﬁlamentous phage, ϕRSS1, showed
a different host range from ϕRSM1 (Yamada et al., 2007), ϕRSS1 pIII
(ORF7, 426 aa) is also included in this comparison. As seen here, a
155-aa N-terminal portion and a 280-aa C-terminal portion of pIII
are highly conserved among ϕRSM1, ϕRSM3, and ϕRSM4, and show
considerable differences from the ϕRSS1 pIII portions. However, a
70-aa internal region (positions 156–225) shares only 25% aminoFig. 2. Comparison of host recognition protein (pIII or g3p) sequences among R. solanacearum
aligned by using Clustal X program. A 70-amino acid internal region (amino acid positions 156
ϕRSM3, but shows signiﬁcant similarity between ϕRSM3 (ϕRSM4) and ϕRSS1. Asterisks ind
the alignment.acid identity between ϕRSM1 and ϕRSM3. There is 67% amino acid
identity between ϕRSM3 and ϕRSM4 pIII internal regions. Interest-
ingly, this internal region of ϕRSM3 or ϕRSM4 shows a signiﬁcant
similarity (79% and 67% identity, respectively) to the corresponding
region of ϕRSS1. This speciﬁc homology is more clearly highlighted
by nucleotide sequence comparisons (Supplementary Fig. S1); an
approximately 250-bp region of ϕRSM3 (positions 2542–2791),
which lacks similarity with the ϕRSM1 sequence, instead shows
79.2% nucleotide sequence identity with ϕRSS1 positions 2692–
2938. Although glycine-rich linker motifs that separate the pIII
domains (Rasched and Oberer, 1986; Model and Russel, 1988;
Stengele et al., 1990) are not obvious, we consider this internal
region to correspond to the D2 domain. These results predict that
ϕRSM3 and ϕRSM4 share a common host range which differs from
that of ϕRSM1, and suggest that the host range determined by the
pIII-D2 domain may be exchangeable among phages by some speciﬁc
mechanisms.
Host range of viable ϕRSM3 produced from lysogenic host strains
The prophage ϕRSM3 and another similar prophage of type B
(giving similar Southern hybridization patterns) were detected in
strains MAFF730139 and MAFF106611, respectively (Yamada et al.,
2007). Both strains were resistant to ϕRSM1 infection but susceptible
to ϕRSS1 infection. To see the exact host range of ϕRSM3 and com-
pare it with the ϕRSM1 and ϕRSS1 host ranges, an entire ϕRSM3
genomic sequence was produced from the lysogenic strain
MAFF730139 by PCR, with primers containing the attP sequence
(see Materials and methods). An approximately 9.0-kbp PCR product
was self-ligated and introduced into MAFF211272 by electroporation.
Genomic DNA from phage plaques appearing on assay plates was
analyzed. Restriction patterns of the replicative form of DNA
extracted from phage-infected cells always coincided with those
expected from the ϕRSM3 DNA sequence, indicating that viable
ϕRSM3 phage was produced. For this ϕRSM3 phage, the host range
was determined with the 15 R. solanacearum strains used in our
previous study (Yamada et al., 2007). The results are summarized in
Table 1. The host range of ϕRSM3 is incompatible with that of
ϕRSM1; namely ϕRSM1-susceptible strains are resistant to ϕRSM3
and vice versa, except for strains Ps74 and MAFF211270 that are
susceptible to both phages. ϕRSM3 has a wider host range and all 15
strains are susceptible to either ϕRSM1 or ϕRSM3. The host range of
ϕRSM3 partially overlaps with that of ϕRSS1 (Yamada et al., 2007),
but ϕRSS1 recognizes only four strains (Table 1), suggesting the
involvement of some additional factors in ϕRSS1 host recognition.
Another ϕRSM3-like phage was produced from strain MAFF106611 in
the same way, using PCR. The resulting phage ϕRSM3⁎ could not be
distinguished from ϕRSM3 by its DNA restriction pattern, pIII
sequence, or host range. It is interesting to note that ϕRSM3 and
ϕRSM3⁎ could infect the lysogenic strains (MAFF730139 and
MAFF106611) as hosts, indicating no apparent immunity to this
kind of temperate phages.phages. Predicted pIII amino acid sequences of ϕRSM1, ϕRSM3, ϕRSM4, and ϕRSS1 are
to 225) is boxed in red, which shares only 25% amino acid identity between ϕRSM1 and
icate identity and dots conservative substitutions. Conservative scores are drawn below
Fig. 3. SDS-PAGE analysis of pili proteins of R. solanacearum strains (A and B). External
proteins were sheared from bacterial cells that had been washed from 24-h-old agar
plates, partially puriﬁed by ultracentrifugation, resolved by SDS-PAGE and stained with
silver-reagents. Protein bands speciﬁc to ϕRSM1- and ϕRSM3-susceptible strains are
indicated by closed and open circles, respectively. Strains susceptible to both phages are
compared in (B).
Table 2
Attachment of GFP-expressing cells of R. solanacearum to tomato roots
Strain Cell counta/1000 μm2
MAFF106611 295±10b
MAFF106611 with ϕRSM3 26±5c
M4Sd 0
M4S with ϕRSM3e 0
a Cells were counted in ﬁve different areas of tomato roots.
b Most cells bound preferentially by one pole to root cells.
c Attached cells were randomly oriented and rare in a polar fashion.
d Avirulent strain without attachment activity (Tanaka et al., 1990).
e M4S is resistant to ϕRSM3.
Table 1
Susceptibility of R. solanacearum strains to different phagesa
Strain Prophage-typeb ϕRSM1 ϕRSM3 ϕRSM13c ϕRSS1
C319 – − (−) + (+) + +
M4S – + (+) − (−) − −
Ps29 A + (+) − (−) − −
Ps65 – + (+) − (−) − −
Ps72 – − (−) + (+) + −
Ps74 A + (+) + (+) + −
MAFF106603 – − (−) + (+) + +
MAFF106611 B − (−) + (+) + +
MAFF211270 A + (+) + (+) + −
MAFF211271 – − (−) + (+) + −
MAFF211272 B − (−) + (+) + −
MAFF301556 – − (−) + (+) + −
MAFF301558 – − (−) + (+) + −
MAFF730138 – + (+) − (−) − −
MAFF730139 B − (−) + (+) + +
a + and − indicate susceptible and resistant, respectively. (+) and (−) indicate adsorbed
and non-adsorbed, respectively.
b According to Yamada et al. (2007). MAFF211272 prophage was conﬁrmed to be B in
this study.
c Recombinant ϕRSM1 phage whose pIII-D2 domain was replaced with that of
ϕRSM3.
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of ϕRSM3
To conﬁrm the host recognition by the D2 domain of pIII in ϕRSM1
and ϕRSM3, this domain of ϕRSM1was replaced with the correspond-
ing region of ϕRSM3 as described in Materials and methods. The
resulting phage (designated as ϕRSM13) did not retain the host range
of ϕRSM1 but showed the exactly same host range as that of ϕRSM3
(Table 1). Because the entire nucleotide sequence of ϕRSM13 DNA is
completely the same as that of ϕRSM1 except for a 350-bp region
corresponding to the pIII-D2 of ϕRSM3, the change of host range must
have been determined by the D2 domain of pIII of ϕRSM3.
Correlation between host pili-types and the ϕRSM host
The differences found in the D2 domain of pIII among ϕRSM
phages suggest the existence of strain-speciﬁc pili types. We isolated
and compared pilus proteins from strains used in the host range test.
Fig. 3 shows the results, where a few bands smaller than 30 kDa were
found in all the strains. A band of approximately 18 kDa common to
all strains corresponded to the major type IV pilin, PilA, because it
gave an N-terminal peptide sequence of TLIELMI in accordance with
the PilA sequence of strains GMI1000 (RS04907, Salanoubat et al.,
2002) and UW551 (RRSL04119, Gabriel et al., 2006). The PilA-banding
pattern was essentially the same among the strains, which is consis-
tent with our observation of active twitching motility of these strains
(data not shown). Contrastingly, a minor protein of approximately
30 kDa varied in size depending on the strain; slightly smaller
proteins corresponded to ϕRSM1-susceptible strains (Fig. 3A, lanes
2–4) and slightly larger proteins corresponded to ϕRSM3-susceptible
strains (Fig. 3A, lanes 5–8). Strains Ps74 and MAFF211270, which are
susceptible to both ϕRSM1 and ϕRSM3 produced both larger and
smaller bands on the gel (Fig. 3B). Thus these protein banding
patterns correlated well with the selective host ranges of ϕRSM1
and ϕRSM3, and might therefore be involved in host recognition.
The N-terminal peptide sequences determined for the M4S band
(smaller band) and for the MAFF106603 band (larger band) were
GLSLN and NLGNI, respectively. We could not deﬁnitely assign
candidate ORFs for these sequences in the GMI1000 and UW551
databases. A relatively strong band around 28 kDa was common to all
the strains and was shown to represent a ﬂiC product (conﬁrmed by
N-terminal peptide sequence of SAQDD), ﬂagellin from R. solana-
cearum (Tans-Kersten et al., 2001).Effects of ϕRSM1 and ϕRSM3 infection on the pathogenic activity
of R. solanacearum strains
Infection with ϕRSM phages does not cause host cell lysis but
establishes a persistent association between the host and phage,
releasing phage particles from the growing and dividing host cells.
Upon infection by ϕRSM phages, the host R. solanacearum cells
showed several abnormal behaviors including frequent aggregation in
the liquid cultures, dark coloration and relatively small size of colonies
on the plates, and a decreased growth rate (approximately 60% of the
normal rate). More interestingly, ϕRSM1 or ϕRSM3 infection also
affected the pathogenic activities of the host cells: when 1 μl of culture
containing 107 cells was injected into the major stem of tomato plants,
all ﬁve plants injected with non-infected bacterial cells (strains
MAFF106603, MAFF106611 and MAFF730138) showed wilting symp-
toms as early as 3 days p.i. (wilting grade 1–2) and died 6–7 days post
infection (p.i.) (data not shown). Meanwhile, all ﬁve plants injected
with ϕRSM1-infected MAFF730138 cells or ϕRSM3-infected
MAFF106603 and MAFF106611 showed no wilting symptoms until
4 weeks p.i. ϕRSM phage infection may therefore cause drastic
changes in the structure and/or nature of the host bacterial cell
surface, which is important in the interactionwith host plants, or may
bring about changes in the expression of pathogenesis-related genes
in R. solanacearum.
When pRSS12-transformed cells of MAFF106611 were incubated
with tomato roots, most of the uninfected bacterial cells polarly
attached to the root surface (Table 2). Whereas ϕRSM3-infected
73A. Askora et al. / Virology 384 (2009) 69–76bacterial cells rarely attached to the roots or if adhered, they were
randomly oriented (Table 2).
Discussion
Integration of phage genomes into the host genomes
Simple Ff-phages like coliphages M13 and fd do not usually take
a lysogenic replication cycle, whereas some lysogenic ﬁlamentous
phages exploit the XerC and XerD recombinase/resolvase of their
host to integrate into the bacterial genome (Huber and Waldor,
2002). In contrast to those phages, ϕRSM1 was shown to encode its
own integration unit consisting of int and closely associated attP on
the genome (Kawasaki et al., 2007a). The attP sequence corresponds
to 13 bp at the 3′-end of serine tRNA(UCG). In this study, the same
unit was also shown to exist in ϕRSM3 and ϕRSM4. Apparently, an
ancestor of ϕRSM phages once horizontally acquired the integration
unit from other plasmids or phages (Pierson and Kahn, 1987;
Hauser and Scocca, 1990; Sun et al., 1991; Campbell, 1992; Lindqvist
et al., 1993; Chang et al., 1998; Semsey et al., 2002), which
conferred the new lysogenic cycle on it. Together with ϕRSM
phages, it is not surprising that similar int-containing ﬁlamentous
phages occur widely in the natural world. Another strategy for
integration of ﬁlamentous phages into their host chromosome may
be via transposases. Kawai et al. (2005) found ﬁlamentous
prophages integrated in the chromosome of Neisseria species.
Each copy of Nf (Neisserial ﬁlamentous phages) is ﬂanked by dupli-
cation of 5′-CT and carries an ORF encoding a transposase homo-
logue (pivNM/irg), suggesting a transposase-mediated integration of
Nf into host bacterial chromosomes. In addition, we demonstrated
in our previous study the integration of ϕRSS1-like phages into the
R. solanacearum genome (Kawasaki et al., 2007a). The ϕRSS1
sequence at the integration site has been determined in strain
C319 and corresponds to position 6629 in the IG region, 34 nucleo-
tides upstream from ORF1. The nucleotide sequence around this
position is not repeated at the junction in the host genome and
does not show any signiﬁcant homology with the core sequence of
the att site involved in the XerC/D recombinase resolvase integra-
tion (Hill et al., 1991), suggesting a different integration mechanism.
Thus, at least four different strategies for the integration of
ﬁlamentous bacteriophages into the host chromosome have been
demonstrated.
Host selection and selective recognition of pili by ϕRSM phages
In this study, protein components of cellular appendages (pili,
ﬁmbriae) were prepared from 15 strains of R. solanacearum and
analyzed and compared by SDS-PAGE. All strains showed common
banding patterns of PilA and FliC proteins, suggesting that the major
structure of type IV pili may not be involved in the host selection by
ϕRSM phages. Instead, a strong correlation was observed between
SDS-PAGE patterns of a minor protein of approximately 30 kDa and
the host ranges of ϕRSM1 and ϕRSM3; ϕRSM1-susceptible strains
contained a slightly smaller band and ϕRSM3-susceptible strains
showed a larger band. The exact nature of these bands and cause of
the size difference is largely unknown but it is possible that they
represent minor type IV pilin proteins and are incorporated in pili
structures (Strom and Lory, 1993) which are selectively recognized
by ϕRSM1 and ϕRSM3. Although smaller and fainter proteins could
not be examined in this study, such proteins may also contribute to
the bacteria–cell interaction. Selective recognition of hosts using
different-types of pili was also reported for ﬁlamentous phages Pf1
and Pf3 of P. aeruginosa (Holland et al., 2006).
After infection by ϕRSM1 or ϕRSM3, the nature of the host cell
surface may change, because cells became easily aggregated. One
speculative mechanism of this change may be accumulation of highdensity of ﬁlamentous phages on the cell surface and acceleration
of bioﬁlm development (Webb et al., 2004). Infection by ϕRSM1 or
ϕRSM3 reduced drastically the host bacterial virulence on tomato
plants as described above. These results remarkably contrast with
the effects by ϕRSS1, another ﬁlamentous phage with a similar host
range to ϕRSM3: ϕRSS1-infected R. solanacearum cells (strain C319)
were demonstrated to increase the virulence on tobacco plants
(Yamada et al., 2007; Y. Nakahama, unpublished results). These
antithetical effects on the host virulence between ϕRSM3 and
ϕRSS1 might depend on a function encoded by some speciﬁc ORFs
on the phage genomes (Kawasaki et al., 2007a) and will be
interesting subjects for future studies. It is also interesting to clarify
the molecular basis of such a series of events including selective
type IV pili formation, selective ϕRSM phage infection, bacterial
surface change, and virulence variation. Phages able to recognize
speciﬁc pili and characterize their biological functions, such as
virulence-reducing ϕRSM and virulence-enhancing ϕRSS (Kawasaki
et al., 2007a), will be useful in future studies of the phytopathogen
R. solanacearum.
Materials and methods
Bacterial strains and phages
The strains of R. solanacearum used in this study are shown in
Supplementary Table S1 (Furuya et al., 1997). The bacterial cells were
cultured in CPG medium containing 0.1% casamino acids, 1% peptone,
and 0.5% glucose (Horita and Tsuchiya, 2002) at 28 °C with shaking at
200–300 rpm. Phages ϕRSM1 (Kawasaki et al., 2007a; Yamada et al.,
2007) andϕRSM3 (produced in thiswork, see below)were propagated
and puriﬁed from single-plaque isolates. Both these phages were
routinely propagated using strains M4S and MAFF106611 as the hosts,
respectively. An overnight culture of bacterial cells grown in CPG
medium was diluted 100-fold with 100 ml fresh CPG medium in a
500 ml ﬂask. To collect sufﬁcient phage particles, a total of 2 L of
bacterial culture was grown. When the cultures reached 0.1 U of
OD600, the phage was added at a multiplicity of infection (moi) of
0.01–0.05. After further growth for 16–18 h, the cells were removed
by centrifugation with a R12A2 rotor in a Hitachi himac CR21E
centrifuge (Hitachi Koki Co. Ltd., Tokyo, Japan), at 8000 ×g for
15 min at 4 °C. The supernatant was passed through a 0.45 μm
membrane ﬁlter followed by precipitation of the phage particles in
the presence of 0.5 M NaCl and 5% polyethylene glycol 6000. The
pellet collected by centrifugation with a RPR20-2 rotor in a Hitachi
himac CR21E centrifuge at 15,000 ×g for 30 min at 4 °C was
dissolved in SM buffer (50 mM Tris–HCl at pH 7.5, 100 mM NaCl,
10 mM MgSO4, and 0.01% gelatine). Phage preparations were stored
at 4 °C until use. Escherichia coli XL10 Gold and pBluescript II SK(+)
were obtained from Stratagene (LaJolla, CA).
Phage susceptibility and adsorption assays
The phage susceptibility assays were based on standard agar
overlays of dilution series (Yamada et al., 2007). Small turbid plaques
of typical Ff-phages always appeared at reasonable frequencies
depending on input phage titers (usually 300–600 pfu/plate), if the
strain is sensitive to the phage. No spontaneous phages appeared from
either strain tested under usual plaque assays. In phage adsorption
assay, exponentially growing cells (OD 1.0) of the test strains were
mixed with phages (ϕRSM1 or ϕRSM3) at moi of 0.1, and the mixtures
were incubated for 0 min (no adsorption) and 30 min at 28 °C to allow
binding of the phages to the cell surface. After centrifugation at
15,000 rpm for 5 min at 4 °C in a Sakuma SS-1500 microcentrifuge
(Sakuma Seisakusho, Tokyo, Japan), the phage titer in the supernatant
was determined by a standard plaque assay with the indicator strains
M4S for ϕRSM1 and MAFF106603 for ϕRSM3.
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Standard molecular biological techniques for DNA isolation,
digestion with restriction enzymes and other nucleases, and con-
struction of recombinant DNAs were followed according to Sambrook
and Russell (2001). Phage DNA was isolated from the puriﬁed phage
particles by phenol extraction. In some cases, extrachromosomal DNA
(replicative form (RF) DNA) was isolated from phage-infected R.
solanacearum cells by the mini-preparation method (Ausubel et al.,
1995). To determine the nucleotide sequence of the type-B prophage
(ϕRSM3) detected in strain MAFF730139, a 9.0-kbp PstI fragment of
MAFF730139 chromosomal DNA, which hybridized exclusively with a
ϕRSM1 DNA probe, was isolated and cloned in E. coli XL10 Gold with a
pTWV228 vector (Takara Bio, Kyoto, Japan). The resulting plasmid
ϕRSM3 was digested with several restriction enzymes to produce
overlapping fragments of 1.0–2.0 kbp long, for subcloning into E. coli
XL10 Gold cells using pBluescript II SK(+). The complete DNA
sequences of both strands were determined, with a total coverage of
4.0×. Computer-aided assembly of the nucleotide sequence data was
performed using the DNASIS (ver. 3.6) program (Hitachi Software
Engineering, Co. Ltd., Tokyo, Japan). Potential ORFs were identiﬁed
using the online program Orﬁnder (http://www.ncbi.nlm.nih.gov/
gorf/gorf.html) and the DNASIS program, and were compared with
those of ϕRSM1 (Kawasaki et al., 2007a). Sequence alignment was
performed using the ClustalX program. To assign possible functions to
the ORFs, database searches were performed using FASTA, FASTX,
BLASTN and BLASTX programs (Altschul et al., 1997). The nucleotide
sequences determined for these fragments were assembled into a
8948 bp sequence. This sequence contained an approximately 500-bp
region at the left terminus corresponding to a GMI1000 sequence
around position ∼2,055,800 (EMBL accession no. AL646052) followed
by a serine tRNA(UCG) that matched attB for ϕRSM1 found in strain
MAFF211270 (Kawasaki et al., 2007a). After this tRNA sequence, the
ϕRSM1-homologous sequence continued to the right end of the
fragment corresponding to position 8348 of ϕRSM1 (DDBJ accession
no. AB259123). Therefore, approximately 220-bp of sequence at the
right end (before attR) might be missing according to the ϕRSM1
sequence. To obtain a ϕRSM3 fragment truncated at the right border,
inverse PCR was performed as follows: self-ligated HincII fragments of
MAFF730139 were used as templates for PCR with a forward primer,
5′-GCC ATC CCT ACC CTG GTT CGT TCT CGG, corresponding to ϕRSM1
DNA positions 8110–8136, and a reverse primer, 5′-CAG CGC GAT CAC
CGC CCA ATG CAA CCA G, corresponding to ϕRSM1 DNA positions
7306–7279. Twenty-ﬁve rounds of PCR were performed under
standard conditions in a MY Cycler (Bio-Rad Laboratories, Hercules,
CA). An approximately 3.4-kbp PCR product was cut from the agarose
gel, ligated into the EcoRV site of pBluescript II SK(+) and cloned into E.
coli XL10 Gold. The nucleotide sequence determined for the clone was
compared with the ϕRSM1 genomic sequence.
Regeneration of viable ϕRSM3 phage and a hybrid phage between
ϕRSM1 and ϕRSM3
For the regeneration of an entire region of prophage ϕRSM3 from
the lysogenic strain MAFF730139, MAFF730139 genomic DNA was
subjected to PCR as a template with a 27-base forward primer, 5′-GAG
GGT CCT TTT TGA ACC CTC CCT AGC (-containing a 6-base half of the
attP core with its ﬂanking sequence) and a 29-base reverse primer,
5′-TCC GCC ATA CGC TAG GGC AAC GTA CAA TC (-containing another
7-base half of the attP core and the ﬂanking sequence). After 25
rounds of PCR under standard conditions, the ampliﬁed DNA fragment
of approximately 9.0 kbp was cut from the agarose gel after electro-
phoretic separation, phosphorylated with T4 polynucleotide kinase,
and self-ligated with T4 DNA ligase. The reaction mixture was then
introduced into the cells of R. solanacearum MAFF211272 by electro-
poration using a Gene Pulser Xcell (Bio-Rad) with a 2 mm cell at2.5 kV, according to the manufacturer's instructions, as previously
described (Kawasaki et al., 2007a). The cells were subjected to plaque
formation assays. Single plaques were picked for DNA analysis and
subjected to host range determination experiments. The same
procedure was also applied to produce viable phages from the
lysogenic strain MAFF106611. To conﬁrm the host recognition by the
D2 domain of pIII in ϕRSM1 and ϕRSM3, this domain of ϕRSM1 was
replaced with the corresponding region of ϕRSM3. The ϕRSM3
sequence of approximately 350 bp corresponding to pIII-D2 was
ampliﬁed fromϕRSM3DNA by PCRwith a forward primer, 5′-TCG CTG
GAT TCG AGC GGA GGT GTG GTG (corresponding to ϕRSM3 positions
2473–2499) and a reverse primer, 5′-CTT AGG CCC AGC CGG ATC AGG
AAC GCA AG (corresponding to ϕRSM3 positions 2835–2807). This
fragment was ligated to an approximately 8.6 kbp ϕRSM1fragment
lacking pIII-D2 that was produced from ϕRSM1 DNA by PCR with a
forward primer 5′-CAG CCT GCG ACC GAT GCG CAG ATT C
(corresponding to ϕRSM1 positions 2881–2905) and a reverse primer
5′-AAT CCC AGA CGG CGC ACC GAT GAG CGC AAT (corresponding to
ϕRSM1 positions 2556–2527). The ligated DNA was introduced into
strain C319 by electroporation as above. Phage plaques were picked
from CPG plates and subjected to DNA sequencing and host range
assays. DNA sequences of this phage determined around both junc-
tions exactly coincided with the expected ones.
Southern blot hybridization
Genomic DNA from R. solanacearum cells was prepared by a
standard method according to Ausubel et al. (1995). After digestion
with various restriction enzymes, DNA fragments were separated by
agarose gel electrophoresis and blotted onto a nylon membrane
(Biodyne, Pall Gelman Laboratory, Closter, NJ). They were then
hybridized with a probe (ϕRSM1 genomic DNA) labeled with
ﬂuorescein (Gene Images Random Prime labeling kit; Amersham
Biosciences Uppsala, Sweden), and detected with a Gene Images CDP-
Star detection module (Amersham Biosciences). Hybridization was
performed in buffer containing 5× SSC, 0.1% sodium dodecyl sulfate
(SDS), and 5% dextran sulfate for 16 h at 65 °C. The ﬁlter was washed at
60 °C in 1× SSC and 0.1% SDS for 15 min, and then in 0.5% SSC and 0.1%
SDS for 15 min with agitation according to the manufacturer's
protocol. The hybridization signals were detected by exposing the
ﬁlter onto X-ray ﬁlm (RX-U, Fuji Film, Tokyo, Japan).
Isolation and characterization of pilin-like proteins
Cells of R. solanacearum strains were streaked heavily on minimal
medium plates (Clough et al., 1994) and incubated for about 24 h. The
microscopic colonies, which exhibited twitching mobility were
washed off in a small volume of distilledwater, and the cell suspension
was forced ﬁve times through a 25-gauge hypodermic needle. Bacte-
rial cells were removed by centrifugation with a R12A2 rotor in a
Hitachi himac CR21E centrifuge at 10,000 ×g for 20 min at 4 °C. The
pili were collected by ultracentrifugation with a R12A2 rotor in a
Hitachi himac CR21E centrifuge at 136,000 ×g for 60 min. Precipitated
pili were subjected to SDS-polyacrylamide gel electrophoresis (PAGE)
according to Laemmli (1970). For the separation of small proteins,
tricine-SDS-PAGE was performed according to the method of
Schagger and von Jagow (1987). The separated proteins were stained
with a Silver staining kit (Amersham Biosciences, Piscataway, NJ)
according to the manufacturer's instruction. In some cases, protein
bands were transferred to polyvinylidene diﬂuoride (PVDF) nylon
membranes (Immobilon, Nihon Millipore K.K., Tokyo, Japan) using a
semi-dry transfer cell (Bio-Rad). Each protein band was subjected to
N-terminal peptide sequence analysis on a protein sequencer (Model
492, Applied Biosystems, Foster City, CA) as described by Songsri et al.
(1997). The UniProt and GenBank databases were searched for
sequences homologous to the obtained amino acid sequences.
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Cells of R. solanacearum were grown in CPG medium for 1–2 days
at 28 °C. After centrifugation, cells were resuspended in distilled
water at a density of 108 cells/ml. The cell suspension was injected
with a needle into the major stem of tomato plants (Solanum
lycopersicum L., 4 weeks old with 4–6 leaves) at a site 5 cm above the
soil level. As a control, distilled water was injected in the same
manner. Each bacterial strain was injected into ﬁve plants. Plants
were cultivated in a Sanyo Growth Cabinet (Sanyo, Osaka, Japan) at
28 °C (16 h light/8 h dark) for 1–2 weeks before detailed examination.
Symptoms of wilting were graded from 1 to 5 as described by
Winstead and Kelman (1952).
Bacterial attachment assay
Cells of R. solanacearum MAFF106611 (with or without ϕRSM3
infection) were transformed with a green ﬂuorescent protein (GFP)-
expressing plasmid, pRSS12 as described previously (Kawasaki et al.,
2007b). To observe attachment of GFP-expressing bacterial cells to
tomato roots, 5- to 6-week-old plants were removed from their pots,
and the potting mixture was removed using running tap water. The
root system was cut from the plants, immersed in 10 ml of water
containing approximately 107 cells/ml R. solanacearum cells, and
incubated without agitation for 20 h at 25 °C. Lateral roots were then
cut from the root system, gently dipped in water to remove
unattached bacterial cells and observed using a Leica MZ16 stereo-
microscope with GFP2 and three ﬁlters (Leica Microsystems, Heidel-
berg, Germany). GFP-expressing bacterial cell attached to the roots
were counted. For control experiments, cells of strain M4S (an
avirulent strain, Tanaka et al., 1990) transformed with pRSS12 were
used with or without ϕRSM3 pages.
Nucleotide sequence accession number
The sequence data for ϕRSM3 have been deposited in the DDBJ
database under accession no. AB434711.
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